Abstract The functional food market is growing rapidly and membrane processing offers several advantages over conventional methods for separation, fractionation and recovery of bioactive components. The aim of the present study was to select a process that could be implemented easily on an industrial scale for the isolation of natural lactose-derived oligosaccharides (OS) from caprine whey, enabling the development of functional foods for clinical and infant nutrition. The most efficient process was the combination of a pre-treatment to eliminate proteins and fat, using an ultrafiltration (UF) membrane of 25-kDa molecular weight cutoff (MWCO), followed by a tighter UF membrane with 1-kDa MWCO. Circa 90 % of the carbohydrates recovered in the final retentate were OS. Capillary electrophoresis was used to evaluate the OS profile in this retentate. The combined membrane-processing system is thus a promising technique for obtaining natural concentrated OS from whey.
Introduction
The number of successful applications of membranes developed for the processing of milk and dairy products has increased markedly since the 1970s, being now the chosen technique for milk fractionation and for the recovery of bioactive compounds from various feed streams (Rinaldoni et al. 2009; Akin et al. 2012) .
Milk is one of the most important direct and indirect sources of oligosaccharides (OS), major components of carbohydratebased nutraceuticals. Prebiotic and anti-infective functions of milk OS, together with their pathogen receptor role, have increased the interest in these compounds (Kunz et al. 2000) . In particular, caprine milk has a high level of sialylated and neutral OS, with a profile similar to that of human milk and has been reported to contain up to five and ten times more OS than bovine and ovine milks, respectively (Martinez-Ferez et al. 2006b ), being a potential natural source of bioactive OS (Oliveira et al. 2012a) . A growing interest in bioactive components extracted from natural resources rather than those produced synthetically arose, particularly in the case of OS, because synthetic OS are rare and expensive (Akin et al. 2012) .
A few membrane-processing approaches are available for OS recovery from milk but not many refer to the recovery of natural OS from whey and even fewer from caprine origin. The earliest reports on the application of membranes for the recovery of OS can be traced back to the 1990s (Mok et al. 1995; Matsubara et al. 1996; Sarney et al. 2000) . Recently, Barile et al. (2009) claimed the first study to determine the compositions of a variety of neutral and sialylated OS in bovine permeate using whey from Gorgonzola cheese production. Macedo et al. (2011) also investigated the ultrafiltration (UF) permeation performance with whey using different membranes, but in this case ovine whey was only used for the production of whey protein concentrates (WPC).
The aim of the present study was to optimise the recovery of natural OS from caprine whey, using a combination of UF methodologies in a two-stage cross-flow process. To the best of the authors' knowledge, this study is the first to use caprine whey as a natural OS source, using pilot-scale membrane technology without an enzymic pre-treatment.
Materials and Methods

Materials
Caprine whey was kindly donated by New Forest Goat Dairy (Lymington, UK). Whey samples were kept frozen before further processing. All reagents were of analytical grade and water was of deionised or MilliQ quality for cleaning or analytical purposes, respectively. Sugar standards, [lactose (Lac), glucose (Glc) and galactose (Gal)] were purchased from Sigma (St. Louis, USA) and OS standards [3′-sialyllactose (3′ SL), 6′-sialyllactose (6′SL), 6′-sialyl-N-acetyllactosamine (6′ SLN) and 2′-fucosyllactose (2′FL)], were from Dextra Laboratories, Ltd. (Reading, UK).
Preliminary, experiments used a laboratory-scale unit (Osmonics Desal, Le Mee-sur-Seine, France) with a pair of cross-flow cells, total area 0.022 m 2 , piped in parallel. The UF PES membranes were types PT or PW with 5-and 20-kDa molecular weight cutoffs (MWCOs), respectively. For tight UF (TUF), a type GH membrane, with 2.5-kDa MWCO, was used. For NF, a DL type thin-film membrane (rejecting 96 % of MgSO 4 ) was used. These membranes were purchased from GE Osmonics (Minnetonka, USA). Pilot-scale treatments first used an UF tubular PES membrane, type ES625 with 0.8-m 2 effective area, 99 % retention of whey proteins (manufacturer's specifications) and 25-kDa MWCO (ITT PCI Membranes, Basingstoke, UK). For TUF, a tubular membrane, type CÉRAM with a 1-kDa MWCO and effective area of 0.52 m 2 (TAMI Industries, France) was used.
Membrane Processing
The whey was held at 8°C after thawing; increasing to 25-30°C during the separation processes and pH was between 4 and 5. A two-stage methodology (UF and NF/TUF) was established, to optimise the separation process and the recovery of OS from the whey sample as outlined in Fig. 1 . Samples were taken hourly for analysis. All processes were conducted at least in duplicate, at room temperature (20±2°C). A summary of the separation conditions and feed (whey) compositions is given in Table 1 . The rejection characteristics for TCH were evaluated using mathematical models (Oliveira et al. 2012b ).
Labscale (Processes 1 and 2)
Approximately 5 L of whey were separated by UF, using a 5-kDa MWCO membrane at a volumetric flux rate (J v ) of 7.8 L m −2 h −1 , in order to remove fat and protein. The UF permeate was processed by NF to concentrate the oligosaccharides and reduce levels of mono-and disaccharides plus salts, continuing until the retentate became insufficient to maintain circulation. Working pressures for the laboratory unit were 7 and 14 bars for UF and NF processes, respectively. A second UF process (process 2) was carried out using a higher MWCO (20 kDa) membrane (PW type) and the same NF membrane for the second stage, repeating the procedure described above.
Pilot Scale and Lab Scale (Process 3)
At this stage, pilot-and lab-scale processes were used together. Caprine whey was pre-treated to remove proteins and fat, using an UF membrane, type ES625, (0.8 m 2 , 25-kDa MWCO) at a J v of 8 L m −2 h −1 . The UF permeate was further processed with TUF membranes (0.011 m 2 , 2.5 kDa), at a J v of 6.7 L m −2 h −1 .
Pilot Scale (Process 4)
The whey was again pre-treated to remove proteins, fat and particulates by UF, using the same UF membrane as in process 3 at a J v of 25 L m −2 h −1 and a maximum pressure of 5±0.5 bar. The UF permeate was further processed using a
and pressure 7.5±0.5 bar. The TUF retentate was freezedried using a Stokes Freeze Drier (F. J. Stokes Corporation, USA), pending further analysis.
Cleaning Procedures
The membranes were cleaned at the end of each run, to restore the flux and retention characteristics and prevent the growth of microorganisms in the system. The cleaning consisted of a rinse with water followed by circulation of an alkaline-based detergent solution (1 % P3 Ultrasil 11, Ecolab, Swindon, UK) at 55±5°C for 15 to 30 min, followed by an inter-rinse for 5 min and finally an acidic solution (0.3 % P3 Ultrasil 75, Ecolab, Swindon, UK) at 55±5°C for 15 min to restore the original flux rate. If the unit was to be left, then it was completely filled with disodium disulphide solution (0.1 % for up to 3 days, 2.5 % for up to 3 months).
Analytical Methods
Chemical Characterisation
Measurement of fat, protein and TCH content was performed in triplicate with a DairyLab2 infra-red analyser (Foss, Warrington, UK). Whey TCH is mainly lactose but other carbohydrates such as OS are included in the total reading. The lactose calibration was confirmed using an enzymic bioanalysis kit (Boehringer Mannheim, R-Biopharm, Landwehrstr, Darmstadt, GE).
Capillary Electrophoresis
Both permeate and retentate from UF and TUF were analysed by capillary electrophoresis (CE). A selective and quantitative CE method, described by Altria et al. (1999) for the analysis of lactose, was also found to work for other sugars (Glc, Gal and OS). Therefore, a single CE method was applied for the carbohydrate profile determination of the different fractions from UF and TUF permeates and retentates. CE was performed with an Agilent system (Agilent Technologies, USA), using a fused-silica capillary with 50 μm ID×340 mm effective length (EL) and a 75 mM borate electrolyte solution (Riedel-de-Haen). Sample was injected with a pressure of 5 mbar for 3 s. The applied voltage was 10 kV and the capillary temperature was set at 60°C. Detection was carried out with indirect UV monitoring using a diode-array detector. The signal wavelength was set at 195 nm with a bandwidth of 10 nm. Between injections, the capillary was preconditioned for 5 min using a gradient system of 3 min with 0.5 mM NaOH+1 min water+1 min with buffer. Standard solutions of Lac, Glc and Gal, both individually and in a mixture, as well as the OS standard, were analysed under the same conditions. The OS standards used were those commercially available and previously found in caprine milk.
Statistical Analysis
Significant differences between the separation processes were tested applying the Tuckey HSD test with factorial ANOVA, using STATISTICA Six Sigma Package (Stat Soft, USA). Differences were considered significant at p≤0.05. Table 2 presents the results for the separation efficiency of the membrane processes. Mean TCH levels for membrane processes 1 to 4 are also shown. The composition of the fractions depends on the membrane process used, with only the final retentates expected to contain a higher proportion of OS plus some residual Lac, Glc and Gal.
Results and Discussion
Lab Scale Separation (Processes 1 and 2)
It can be observed from Table 2 that UF permeate from process 1 (Y TCH : P1) showed only 11 % of TCH, which is a very low value, as this membrane was meant to retain A higher MWCO type PW ultrafiltration membrane was used in Process 2 (20 kDa), doubling the TCH in the permeate. The same DL membrane was used for the second stage. Both processes (1 and 2) were significantly different (p≤0.05), and despite the lactose in the retentate being reduced from 97 to 56 % in process 2, this value was still too high.
Pilot Plus Lab Scale Separation (Process 3)
TCH increased significantly in the first permeate with almost 60 % recovered, with no significant difference (p>0.05) between the replicates. This improvement was most likely due to reduced fouling. For the second stage, a tighter UF membrane was used (TUF at lab scale), which gave better separation of OS from lactose, as the amount of lactose was reduced to 31 % (Y TCH : R2).
Pilot-Scale Separation (Process 4)
The tubular TUF membrane (CÉRAM) was chosen for the second stage of this process as this type of membrane had a better flux rate (19.7 L m −2 h −1 ) due to its better hydrodynamic properties, despite a lower MWCO of 1 kDa. In a 7-h process at a J v of 19.8 L m −2 h −1 , only 10 % of the lactose was retained in the final retentate (Y TCH : R2), meaning that the OS concentration was three times greater than for process 3, that is, approximately 90 %. More than 88 % of permeate volume was recovered (Yv: R2), reducing component losses. It could be observed that processes 3 and 4 were significantly different (p≤0.05), but TUF in process 4 was also more efficient than any of the previous processes (TCH: R2=80.4 g L
−1
). The selection of the membrane with appropriate characteristics, such as pore size, MWCO and surface chemistry, is probably the most important part of the optimisation of a membrane process, followed by process parameters, e.g. membrane surface area, transmembrane pressure and permeate flux (Rathore and Shirke 2011) . Martinez-Ferez et al. (2006a) used a similar procedure recovering over 80 % of OS directly from goat milk, but diafiltration was applied to improve the efficiency of the separation process. NF exhibits much higher rejection of disaccharides than monosaccharides, whereas the TUF membrane had a low rejection for both, avoiding the need to use a β-galactosidase with the accompanying risk of generating synthetic GOS. In theory the 1-kDa membrane might leak tri-to penta-OS, which would be evident in the CE results and might correspond to the unidentified peaks in P2 depicted in Fig. 2b .
Capillary Electrophoresis Analysis
TCH profiles obtained by capillary electrophoresis are shown in Fig. 2 . Figure 2a shows the electropherogram profiles obtained for the main sugar standards, plus individual OS standards known to be present in caprine milk and available commercially (2′FL, 3′SL and 6′SLN) . Figure 2b shows the CE profiles for the three fractions from Process 4. Corresponding migration times (MT) are also shown. It can be observed from Fig. 2 that the CE method used, which was reported as specific for lactose detection (Altria et al. 1999) could also detect other carbohydrates in whey, namely Gal, Glc and OS. Lactose contributes the terminal units of the neutral and acidic OS and that might be the reason why OS are also detected with this method.
For the P1, P2 and R2 profiles shown in Fig. 2b , peaks 1 to 6 were identified by co-injection of the three fractions with each carbohydrate standard (data not shown), and comparison of CE profiles with the migration times in Fig. 2a . Gal and Glc found in the R2 fraction (peaks 5 and 6, respectively) can result from the galactosidase activity by the lactic acid bacteria used in cheesemaking, and are not desirable if a purified OS sample is required. In this case, separation using size exclusion chromatography might be applied in order to obtain a purified OS fraction (Oliveira et al. 2012b) .
Lactose is present in both P1 and P2 fractions (peak 1), where almost all TCH, identified as Lac, was recovered in the final permeate after UF and TUF separation processes. Considering that caprine milk OS mainly contain three to ten saccharides, these were expected to pass through the first UF membrane but be retained in the final retentate (R2) when TUF is used. Peaks 2 to 4 (matching with the standard OS) could be found in P1 and R2, but not in P2. The target OS are thus rejected by the TUF membrane and recovered in the final retentate (R2). However, Lac traces may also be present (∼10 % in Table 2 , Y TCH : R2 for process 4). The unidentified peaks (X) in Fig. 2b might also correspond to other caprine milk OS, as these peaks seemed to increase with the TUF treatment. Martinez-Ferez et al. (2006b) also found OS containing two molecules or more of sialic acid and two major neutral fucosyllactose; 3′SL, 3′-sialyllactose; 6′SLN, 6′-sialyl-Nacetyllactosamine; b the three main fractions: P1, permeate after UF treatment; P2, permeate after TUF separation (process 4) and R2, retentate after TUF separation (Process 4). X: unidentified peaks, probably OS. Lac, lactose; Gal, galactose; Glc, glucose. See text for CE separation conditions oligosaccharide structures (3-galactosyl lactose and Nacetylglucosaminyl-lactose) in caprine milk. Within the acidic OS profile, 6-sialyl-and 3-sialyllactose (6′SL and 3′SL, respectively) were the most abundant found by these authors. In our investigation, 2′FL appears the most abundant.
Conclusions
A two-stage UF-TUF separation process, at a pilot scale, was shown to be efficient for separation of natural OS from lactose in caprine whey, with approximately 90 % of the carbohydrates recovered in the final retentate being identified as OS by the EC technique. Membrane purification techniques are easily modified to accommodate operational variables such as pressure, temperature and feed rate. Since the TUF process can be carried out at lower pressure than NF, the gain in separation efficiency would be accompanied by energy saving.
